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1. Introduction
With the commissioning of the Large Hadron Collider (LHC), the possible experimental
discovery of physics beyond the Standard Model (SM) is becoming reality. Gathering
and analysis of large amount of data hopefully finally sheds light towards the correct
model building paradigms as well as properties and spectra of new beyond SM (BSM)
matter fields. One appealing model building paradigm has been the dynamical breaking
of electroweak symmetry, i.e. Technicolor (TC) [1, 2]; for up-to-date reviews see [3, 4].
Phenomenologically viable Technicolor theories are those featuring so-called walking
dynamics: as a function of the energy scale, the Technicolor gauge coupling evolves very
slowly, walks, over a large hierarchy of scales. Recently a new class of walking techni-
color theories was introduced in [5]. These theories are minimal in the sense that walk-
ing is achieved with very small amount of new matter fields by utilizing higher fermion
representations. It was also shown that these theories are compatible with precision elec-
troweak constraints and the (composite) Higgs particle can be light [6]; see also [7, 8].
Phenomenology studies of these models have been carried out both for collider signatures
[9, 10, 11, 12, 13, 14] and dark matter [15, 16, 17, 18, 19, 20, 21, 22, 23].
The basic matter content underlying walking dynamics, as proposed in [5] and which
we will also consider in this paper, consists of SU(N) gauge dynamics with matter in the
two-index symmetric representation. We will denote theory with N technicolors and Nf
techniflavors in the two-index symmetric representation by TC(N ,Nf -2S). In particular we
will concentrate on two- and three-color theories TC(2,2-2S) and TC(3,2-2S). When the
technifermions in TC(2,2-2S) are assigned electroweak quantum numbers, the number of
weak doublets is odd resulting in an ill-defined theory [24]. As noted in [5] this anomaly
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can be simply cured by adding one doublet, singlet under technicolor and ordinary QCD
color. Hence, from the weak interaction viewpoint the techniquarks and this new doublet
of leptons form a natural fourth family of matter. Gauge anomaly cancellation constrains
the hypercharge assignments within this new fourth generation, but not uniquely[5, 6]:
For example one can consider hypercharges under which the techniquarks carry electric
charges of the usual QCD quarks and the fourth generation leptons are a heavy replica
of an ordinary lepton generation. But more exotic possibilities exist, like doubly or even
fractionally charged leptons. The consequences of sequential fourth generation have been
investigated in the literature in the past, see [25] for a review. Recently there has been
renewed interest into the subject, see e.g. [26, 27, 28, 29, 30]. However, as the examples
mentioned above show, there is motivation for much richer variety of alternatives. If new
QCD quark or SM-like lepton generations exist beyond the observed three, they can appear
non-sequential. As in the example discussed above, there may be a fourth generation of
leptons but no corresponding QCD quarks.
Motivated by this simple example, in this paper we exhibit several other possibilities
and discuss the associated phenomenology in detail. We will consider concretely the un-
derlying Technicolor dynamics to be given by TC(2,2-2S) and TC(3,2-2S). Then, we add
SM-like matter (i.e. new QCD quark or SM-like lepton generations) in order to cancel
gauge anomalies and maintain the overall number of weak doublets even. We show that
this leads to numerous natural and novel possibilities. In addition to the already investi-
gated case where there is a fourth generation of leptons but no QCD quarks, these include
the case where there is a fourth generation of QCD quarks but no new leptons and the
more exotic possibilities where more than one new generation of quarks and/or leptons
appear. Out of the various possibilities we pick the most interesting scenarios for which
we consider the phenomenological implications.
2. The Next Generation from Walking Technicolor models
For the technicolor sector we will consider concrete models TC(2,2-2S) (two flavors in the
adjoint of SU(2)) and TC(3,2-2S) (two flavors in the sextet of SU(3)) to illustrate various
possibilities for the next generation. In these theories the TC matter charged under SM is
arranged into electroweak doublets in the standard way. We will consider the TC matter
to have SM-like hypercharges (i.e. mimicking either leptons or quarks) and then find the
extra (TC singlet) SM-like matter content needed to cancel Witten and gauge anomalies.
We will list several possibilities and discuss the physics related to the most interesting
candidate cases in more detail.
To fix the notation, in the TC(2,2-2S) and TC(3,2-2S) models we consider, the tech-
nicolored matter fields constitute one electroweak doublet
QaL =
(
UaL
DaL
)
(2.1)
with a = 1, . . . , d(R) where d(R) is the dimension of the representation of the technicolor
gauge group to which the fermions have been assigned. The right handed fields UaR and
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DaR are singlets under the weak SUL(2). Now, following the logic specified above, we
will explore different hypercharge assignments Y (QL) with the hypercharges of the right-
handed fields fixed by Y (UR) = Y (QL) + T3(UL) and Y (DR) = Y (QL) + T3(DL). Then,
for a given assignment of the hypercharge of the techniquarks, we compensate for the
gauge anomalies by adding further techni-singlet matter fields with quantum numbers of
either SM-like leptons or QCD quarks. Since the SUL(2) gauge theory suffers from the
Witten anomaly, in addition to canceling gauge anomalies we must maintain the number
of electroweak doublets even.
The anomaly with two external TC gauge bosons and one external UY (1) boson van-
ishes as does also the gravitational anomaly. The nontrivial conditions to study are the
one with two SUL(2) and one UY (1) gauge boson, denoted by A(2, 2, 1), and the one with
three external UY (1) gauge bosons, denoted by A(1, 1, 1). Hence, we need to solve
A(2, 2, 1) = −
1
2
(ND(l)−ND(q)) + dTCY (QL) = 0 (2.2)
A(1, 1, 1) = −
3
4
(ND(q)−ND(l)) + dTC(2Y
3(QL)− Y
3(UR)− Y
3(DR)) = 0. (2.3)
HereND(l) andND(q) denote, respectively, the number of SM-like leptons and QCD quarks
required to be introduced in order to cancel the gauge anomalies due to the presence of
technifermions. The dimension of the technifermion representation is denoted by dTC. It
turns out that these equations imply only a constraint on the difference ∆N ≡ ND(l) −
ND(q). For generic Y (QL) the solution is
∆N = 2dTCY (QL). (2.4)
To make further progress, we must pick Y (QL). The above relation already provides some
restrictions since ∆N must be an integer and our choice of the underlying TC model
corresponds to dTC = 3, 6 for TC(2,2-2S) and TC(3,2-2S) respectively. We choose to
investigate the values which are already present in the SM, namely we consider Y (QL) =
±1/2,±1/6. Of course this may still seem rather ad hoc, but on the other hand fermions
are natural and the models of this type are logical extensions of Technicolor theories. Our
motivation for the particular choice of the above mentioned hypercharges is on one hand
the fact that these hypercharge assignments have been already considered in studies of
TC(2,2-2S). On the other hand some of these values are interesting in terms of global
symmetries; The SM is known to enjoy a discrete Z6 symmetry which can be enlarged to
TC sector only for particular values of the techniquark hypercharge [31]. For TC(2,2-2S)
this can be done for Y (QL) = ±1/2 and for TC(3,2-2S) for Y = −1/6.
Then, for these hypercharge assignments we have ∆N = ±1,±3 for TC(2,2-2S) (i.e.
dTC = 3) and ∆N = ±2,±6 for TC(3,2-2S) (dTC = 6) corresponding to Y (QL) =
±1/6,±1/2, respectively, in both cases. Phenomenologically the most interesting are those
where only few new doublets are introduced. This is due to constraints from precision data
through oblique corrections. We will now single out some interesting special cases and then
study those in more detail.
Let us start with the TC(2,2-2S) model for which the most interesting possibilities
seem to be
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• Y (QL) = 1/2 whence we introduce three new SM-like lepton families.
• Y (QL) = −1/2 whence we introduce three new QCD-quark families. This will result
in large additional contribution to (S,T) parameters, and possibly put QCD close to
an infrared fixed point. We will not consider this possibility further.
• Y (QL) = 1/6 whence we introduce one SM-like lepton family (Y (LL) = −1/2). This
is the scenario considered in [14].
• Y (QL) = −1/6 whence we introduce one SM quark family (Y (qL) = 1/6). In this
scenario the definition for the new left-handed quark doublet is qL ≡ (d¯, u¯)
T . This
amounts to rewrite the SU(2)L theory for our new quarks in the c.c. representation
of SU(2)L. In this new formulation, right-handed antibottom of the next generation
will play a role of a left-handed top in the usual formulation.
Of these the third and fourth are most interesting. Note that in all these cases when taking
into account the technifermions and the new SM-like matter fields, the overall number of
electroweak doublets is even and hence there is no Witten anomaly. The details of the
third one have been investigated elsewhere [14] and the fourth one will be investigated in
the next section.
Similarly we consider TC(3,2-2S) where we consider most interesting the following
cases:
• Y (QL) = 1/2 whence we need to introduce six SM-like lepton families. We will not
consider this further.
• Y (QL) = −1/2 whence we need to introduce six QCD quark families. We will not
consider this further.
• Y (QL) = 1/6 whence we need to introduce two SM-like lepton families.
• Y (QL) = −1/6 whence we need to introduce two QCD quark families.
Of these, the third one is very interesting and will be studied in more detail in the
next section. Note again that the overall number of weak doublets is even.
Finally, we point out that in the above analysis we have considered adding matter only
with SM-like quantum numbers. This assumption can be of course relaxed. For example
for TC(2,2-2S) and hypercharge Y (QL) = ±1/2 we may introduce doubly charged lepton
family, i.e. the doublet LL and the singlets ER and NR with Y (LL) = ∓3/2 to cancel the
anomalies. We will consider the phenomenology of this case briefly also in the next section.
Of course one can consider different realization for the dynamical symmetry breaking model
than the TC(2,2-2S) and TC(3,2-2S).
3. Constraints and Collider Signals
As already discussed in the previous sections, if next generation of SM-like matter fields
appears in LHC, it may be very different than a simple extrapolation from the three known
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Figure 1: Left panel: The (S, T )-spectrum of a new QCD-quark family, and the allowed 3σ-region.
Right panel: The allowed masses of the quarks.
generations. We have presented a model framework where either one or more lepton families
may arise but no QCD quarks or instead a new QCD quark generation may appear but no
associated fourth generation leptons. Let us now discuss the constraints on the masses of
these new matter fields and physical consequences of their existence.
3.1 TC(2,2-2S) and New QCD quarks
A new QCD quark generation would be interesting: in addition to possible direct ob-
servation at LHC it may help to explain some recent observations on CP-phenomena at
B-factories and it will significantly enhance the Higgs production cross section at LHC via
the gluon fusion channel.
The basic constraint in this type of models is obtained from the precision electroweak
data, i.e. oblique corrections. Let us first discuss the oblique corrections resulting from
adding a new QCD-quark family with Y (qL) = 1/6. For Dirac particles, the contributions
to S, T and U parameters can be obtained analytically, and the required formulae can be
found in [32]. For the mass degenerate constituent techniquarks, the contribution to S is
perturbatively estimated to be
STC =
Nf/2
6pi
d(R), (3.1)
where Nf is the number of techniquarks and d(R) is the dimension of the representation
of the techniquarks. The walking behavior is expected to reduce this value via nonpertur-
bative corrections [33]. In the following analysis, we take this reduction to be 30%.
The resulting values of S and T are shown in the left panel of Figure 1. The gray
ellipsis shows the 3σ-allowed region obtained from the LEPEWWG [34]. The right panel
shows the allowed masses for the new quarks, with S and T inside the ellipse and U < 0.05;
due to the small value of U the comparison with LEPEWWG data where U = 0 is enforced
is justified. We see that the quarks are allowed to have a wide range of masses, but the
mass difference is limited by the T -parameter to the range mu −md ∼ 50− 75 GeV.
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Figure 2: Left panel: The enhancement factor σ4(gg → H)/σSM (gg → H) as a function of the
Higgs mass for quark masses (md,mu) = (250, 300) GeV (blue solid line), (400,400) GeV (green
dashed line), (500,500) GeV (red dotted line), (800,850) GeV (purple dashed line) and (∞,∞)
(black solid line). Right panel: The Higgs decay branching fraction Γ(H → gg)/Γ(H → X) with
fourth generation quark masses (500,500) GeV (green solid line) and (800,850) GeV (red dashed
line), and in the SM (blue solid line).
The existence of the fourth QCD quark generation would enhance the (composite)
Higgs effective coupling to two gluons. Here we imagine that from the low energy viewpoint
the composite Higgs arising from the underlying technicolor model would act as an effective
SM-like complex scalar doublet. For the case of T(2,2-2S) this has been shown to be the
case due to the hypercharge conservation even if the scalar sector has a more complex
structure [11], while for the T(3,2-2S) this is expected directly on the basis of the scalar
spectrum and the global flavor symmetry breaking pattern.
The presence of the new heavy quarks will affect both the Higgs production via the
gluon fusion channel and the Higgs decay to two gluons. This coupling is generated by a
heavy quark loop with two gluon legs and one Higgs leg. In the SM, the only significant
contribution to the Hgg-coupling comes from the top quark loop. The presence of two new
heavy quarks would thus enhance the coupling by approximately a factor of three, yielding
a nine times as large cross section as in the SM. This effect has been extensively studied
in the literature, and the relevant cross section formulae can be found for example in [35].
The actual value of the enhancement factor depends on the masses of the new quarks and
on the mass of the Higgs particle. The behavior of the enhancement factor as a function
of the Higgs mass for a few given values of the quark masses is shown in the left panel of
Figure 2. The right panel shows the effect of the new quarks to Higgs decay branching
fraction into the two gluon channel. The implications of a new QCD quark generation for
Higgs searches in the Tevatron and at the LHC have been studied in [36].
The fourth QCD quark generation, if within the accessible mass range, will provide
interesting signals at the LHC. On the basis of the constraints from the precision data, let
us assume that mU > mD. Due to the small mass splitting between U and D the decay
U → DW ∗ can only occur into a virtual W -boson. Then, depending on the mass of the D
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quark, it would decay to t accompanied either with a real or virtual W -boson. In addition
to the charged current decay, one can also have a flavor-changing neutral current decay
D → b+Z at one loop [37, 38]. The role of this process is crucially dependent on the mass
of the new D quark, which is constrained by present searches for fourth generation to be
mD ≥ 200 GeV [39]. As soon as the mass of the D quark exceeds ∼ 250 GeV, the two
body decay into tW becomes accessible and immediately also becomes the dominant mode.
Hence there is a very little window for the bZ mode and probably the most interesting early
warning process would be pp→ UU¯ → DD¯+2W → bb¯+6W leading to the signal involving
the jets, two same-sign leptons and missing energy [26, 40].
In addition to the possible direct observation at the LHC, the presence of the fourth
QCD quark generation may already have appeared indirectly in connection with the CP-
violation phenomena [41]: Recall that generally for Ng quark generations the Cabibbo-
Kobayashi-Maskawa (CKM) mixing matrix is parametrized in terms of Ng(Ng−1)/2 angles
and (Ng−1)(Ng−2)/2 phases when the freedom to redefine the quark fields has been taken
into account to eliminate 2Ng−1 real parameters from the total number N
2
g of real param-
eters required for the parametrization of Ng ×Ng unitary matrix. In contrast to the single
phase responsible for all CP-violating phenomena in the case of three quark generations,
there are three phases in the case of four generations. The two extra phases imply possible
extra sources for the CP-violation [42], and in [41] it was shown that this extra freedom
indeed provides adequate explanation for the recent indications of new physics involved in
CP asymmetries of the b-quark as observed in the B-factories. Moreover, the existence of
this additional CP-violation may play a role in establishing the origin of matter-antimatter
asymmetry through the electroweak baryogenesis. Constraints from the existing data on
the properties of the fourth generation quarks suggest that the mass of the fourth genera-
tion top, i.e. the new quark with electric charge +2/3, has mass within the range 400-600
GeV [41, 43], which fits in nicely with the constraints from the oblique corrections we have
obtained here.
Another possible scenario, as noted in the previous section, is to introduce two new
generations of QCD quarks with TC(3,2-2S). This would produce S & 0.45 in the region
where T is small, and is thus most likely ruled out. Accompanied with some new physics
that produces a large negative T , like Majorana neutrinos (which also give negative contri-
bution to S [44]) this scenario could be viable, since there are areas of the parameter space
that give small enough S but large T . The negative contribution to T would then move
these points into the experimentally allowed region. In this scenario the Higgs production
cross section via gluon fusion would be greatly enhanced, approximately ∼ 25 times the
SM cross section, but we will not explore this case any further.
3.2 TC(3,2-2S) and Two New Lepton Generations
The case where one lepton generation arises in TC(2,2-2S) has been studied in [14]. Here
we complement that study by considering the case where two lepton generations arise
in TC(3,2-2S). For simplicity we consider only the leptons with Dirac mass terms; as
discussed and shown explicitly in [14], the corrections due to Majorana mass terms are
small. A notable feature of neutrino Majorana mass terms is that they allow for negative
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Figure 3: Left panel: The (S, T )-spectrum of two new SM-like lepton families. The green points
correspond to points of the parameter space, where the fifth generation is heavier than the fourth
generation, and blue crosses are points where this is not the case. Right panel: The allowed mass
differences of the fourth and fifth generation leptons when S and T are required to overlap with
the experimental constraint shown in Figure 1.
contributions to T -parameter which is not possible with Dirac mass terms. On the other
hand, the present data clearly favors positive contribution to T so this feature is not of
immediate interest to us. However, as already noted in connection with new QCD quarks,
there may arise cases where additional BSM fields are present and contribute positively to
T , and then new Majorana neutrinos would be useful in masking such contributions.
In addition to the doublet of techniquarks, we now have the total of four new fermions
and thus four different masses. The resulting (S, T )-spectrum is shown in the left panel of
Figure 3. The green points correspond to points where the new generations are hierarchi-
cal so that both of the fifth generation leptons are heavier than either one of the fourth
generation leptons. The blue crosses correspond with parameter values where at least one
of the fourth generation leptons is heavier than at least one of the fifth generation leptons.
We see that small values of S and T are accessible if this kind of hierarchy is required or
not. The right panel of Figure 3 shows the allowed mass differences of the fourth and fifth
generation when S and T are required to overlap with the ellipsis of Figure 1; again we
have checked that U < 0.05 for all points shown in the plots. Both generations may have
masses of a wide range independent of each other, but the maximal allowed mass difference
within one generation is affected by the mass difference of the other. This is because the
mass difference of each generation contributes independently to the T -parameter, so if one
generation has a large mass difference and hence large contribution to T , the other one is
restricted to smaller values of mass difference. The maximal allowed mass difference within
either generation is about 120 GeV. We also note that while the mass difference in either
one of the generations may have either negative or positive sign, i.e. either the charged
lepton or the neutrino is allowed to be heavier, the area where both mass differences are
negative is ruled out. This means that at least one of the charged leptons must be heavier
than the corresponding neutrino. If stabilized by additional symmetry, such neutrino can
provide a dark matter candidate [23].
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Figure 4: Left panel: The (S, T )-spectrum of one doubly charged (Y = 3/2) lepton family. Right
panel: The allowed masses of the leptons.
The collider signatures from two new heavy lepton generations with quantum numbers
of an SM-like lepton generation are expected to be similar as the ones considered in [14].
Depending on the masses, the fifth generation contribution can be either substantial or
negligible. Since there are no new QCD quarks, the dominant channel for Higgs production
at LHC will not be enhanced. On the other hand there are now new states available for
its decay; especially the neutrinos if light enough can play a significant role as discussed in
[14].
Finally, as the constraints from the precision data suggest, there is a possibility where
within one of the new lepton generations the charged state is lighter than the massive
neutrino. In such a case the charged lepton can only decay via mixing with the lighter
generations and depending on the strength of this mixing can lead to interesting signals.
We discuss this possibility in more detail in the following subsection.
3.3 TC(2,2-2S) and Doubly Charged Leptons
For completeness, we also present the results for the case of one doublet of leptons with
charges 2e and e. The (S, T )-spectrum of a doubly charged lepton family is shown in the left
panel of Figure 4. We see that there is again a large overlap with experimentally allowed
values. Requiring S and T to lie within the ellipsis of Figure 1, we obtain the mass region
shown in the right panel of Figure 4. Here mN is the mass of the new “neutrino”, which
now has a charge of −1, and mE is the mass of the −2-charged new “electron”. Again, the
scale of the lepton masses is not limited by the oblique corrections, but the relative mass
difference is. As we see from the right panel of Figure 4, the precision data favors a small
mass splitting, ∆m ∼ 100 GeV, within the doublet. Either one of the new leptons may
be the heavier one, unless they are both relatively light in which case it is the ”neutrino”
which has to be slightly heavier.
Let us briefly discuss the observational consequences of such exotic lepton multiplet.
Being charged, both of these states are easy to observe. Since the precision data allows
either for mE > mN or mE < mN let us consider each ordering in turn. The fourth
generation leptons can couple to the ordinary leptons via the following gauge invariant but
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lepton number violating operator,
L∆L 6=0 = y42L
(4)
L (iτ2Φ
∗)µR, (3.2)
where L(4) = (N,E) is the fourth generation lepton doublet, Φ is an effective (composite)
SM-like Higgs doublet and we assumed mixing with only the second generation.
First, if we assume that mE > mN , then the doubly charged state is expected to decay
via E → NW ∗ and E → µW ∗. The first one is probably favored over the second one,
eventhough there is significant phase space suppression due to the fact that the precision
constraints require the massesmE andmN to be close to each other. Since N is the lightest
member of the doublet, it can only decay via mixing with the ordinary leptons and the
resulting phenomenology heavily depends on the magnitude of this mixing. The lifetime
of N could vary from 10−12 s, which would allow N to leave charged track for detection,
to absolute stability if the mixing was strictly zero. Having a singly charged heavy stable
particle would be disastrous for standard cosmology since it would lead to formation of
anomalously heavy hydrogen. For metastable charged particle the cosmological constraints
are due to the contribution to the cosmic microwave background from the photon emission
associated with the decay of N , its effects on the Big Bang Nucleosynthesis and from its
contribution to the dark matter abundance [45, 46]. These analyses are consistent with
lifetimes as big as of 10-100 years. This discussion also holds for the scenario of Sec. 3
when the charged member of either new lepton doublets is lighter than the corresponding
massive neutrino.
The other possibility mE < mN is equally interesting. Here the beginning of the above
discussion applies with E ↔ N : The heavier N will decay to EW ∗ or via mixing to the
SM leptons, and then the E can only decay via mixing. However, in this case also the
possibility that E is absolutely stable is allowed. As explained in [20], after its formation
in Big Bang Nucleosynthesis, 4He screens the doubly charged E into composite “atoms”
(4He++E−−) and these primordial neutral objects with normal nuclear interactions may
saturate the abundance of dark matter and evade direct observation constraints; for further
details we refer to [20].
4. Unification
Finally, let us discuss how extra matter generations, together with techniquarks, also affect
the running of the SM coupling constants at one-loop. Generally, the evolution of the
coupling constant αn of an SU(n) gauge theory at one loop level is controlled by
α−1n (µ) = α
−1
n (MZ)−
bn
2pi
ln
(
µ
MZ
)
. (4.1)
For SM we have three coupling constants corresponding to SU(3)×SU(2)×U(1) for n =
3, 2, 1. In the above equation the first coefficient bn of the beta function is
bn =
2
3
T (R)Nwf +
1
3
T (R′)Ncb −
11
3
C2(G) . (4.2)
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where T (R) is the Casimir of the representation R to which the Nwf Weyl fermions belong
and T (R′) is the Casimir of the representation R′ to which the Ncb complex scalar bosons
belong. Finally, C2(G) is the quadratic Casimir of the adjoint representation of the gauge
group.
Now we require the SM coupling constants to unify at some very high energy scale
MGUT . This means that the three couplings are all equal at the scaleMGUT , i.e. α3(MGUT ) =
α2(MGUT ) = α1(MGUT ) with α1 = α/(c
2 cos2 θW ) and α2 = α/ sin
2 θW , where c is a nor-
malization constant to be determined by the choice of the unifying group (like the paradig-
matic SU(5)). Assuming one-loop unification using Eq. (4.1) for n = 1, 2, 3, one finds the
following relation
B ≡
b3 − b2
b2 − b1
=
α−13 − α
−1 sin2 θW
(1 + c2)α−1 sin2 θW − c2α−1
. (4.3)
In the above expressions the Weinberg angle θW , the electromagnetic coupling constant α
and the strong coupling constant α3 are all evaluated at the scale µ = MZ . For a given
particle content, we denote the LHS of Eq. (4.3) by Btheory and the RHS by Bexp. Whether
Btheory and Bexp agree is a simple way to check if the coupling constants unify. However,
finding a convergence of all coupling constants at a common scale is not enough; to have the
proton decay under control the unification scale has to be sufficiently large. With one-loop
running the unification scale is given by the expression
MGUT =MZ exp
[
2pi
(1 + c2)α−1 sin2 θW − c
2α−1
b2 − b1
]
. (4.4)
To be specific, we will use the experimental values from ref. [39]: sin2 θW (MZ) =
0.23119 ± 0.00016, α−1(MZ) = 127.909 ± 0.019, α3(MZ) = 0.1217 ± 0.0017 and MZ =
91.1876 ± 0.0021 GeV. For concreteness we consider SU(5)-type unification and take c =√
3/5. Also, we are considering only the unification of the SM couplings and not the
technicolor coupling. For the running of all four gauge couplings we refer to the literature
[47]. With these numerical values we find from Eqs. (4.3) and (4.4) the following conditions
for a successful 1-loop unification:
Btheory =
b3 − b2
b2 − b1
≈ 0.73 and MGUT ≈MZ exp
[
185
b1 − b2
]
>∼ 10
15GeV . (4.5)
The key feature affecting unification is that at one-loop the contributions to b3 − b2
or b2 − b1 emerge only from particles not forming complete representations of the unifying
gauge group (like the five and the ten dimensional representations of SU(5)) [48]. For
example the gluons, the weak gauge bosons and the Higgs particle of the SM do not form
complete representations of SU(5) but ordinary quarks and leptons do.
After these preliminary remarks, let us consider the models we have introduced. In-
stead of the Higgs sector of the SM we have the techniquarks with different hypercharge
assignments and these are connected with the number of QCD quark- or SM lepton-like
new matter fields through cancellation of gauge anomalies as explained in Sec. 2. We then
find From Eq. (4.2):
b3 = 4 +
4
3
ND(q)− 11
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b2 = 4 +
1
3
(3ND(q) +ND(l) + dTCND(Q))−
22
3
b1 = 4 +
2
5
(
11
6
ND(q) +
3
2
ND(l) + dTC(2Y
2(QL) + Y
2(UL) + Y
2(DL)), (4.6)
where we used T (R) = 1/2 for the fundamental representation and appropriate Nwf for the
corresponding gauge groups. Also, for for U(1)Y gauge group and given matter field, we
have T (R) = c2Y 2, where Y is the corresponding hypercharge. Furthermore, ND(i) denotes
the number of new doublets of QCD quarks, SM-like leptons and techniquarks for i = q, l,Q,
respectively, and dQ denotes the dimension of the technifermion representation with respect
to the technicolor gauge group. For the models we have considered, ND(Q) = 1. The first
term equal to four in each factor bi, i = 1, 2, 3 above corresponds to the contribution
from the three generations of ordinary quarks and leptons. This contribution obviously
drops out in the differences bi − bj, in agreement with the fact that they form complete
representations of the unifying gauge group.
Recall that anomaly cancellation in these models fixes the difference ∆N = ND(l) −
ND(q). It therefore turns out useful to eliminate, say, ND(l), in favor of ∆N so that the
equations (4.6) become
b3 = 4 +
4
3
ND(q)− 11
b2 = 4 +
1
3
(4ND(q) + ∆N + dTC)−
22
3
b1 = 4 +
2
5
(
20
6
ND(q) +
3
2
∆N + dTC(2Y
2(QL) + Y
2(UL) + Y
2(DL)), (4.7)
From this form it is furthermore easy to see that Btheory depends only on the difference
∆N and not on the numbers ND(l) and ND(q) independently. This allows us to study
unification for all these scenarios very easily.
Table 1: The values of Btheory for different cases of SM-like BSM matter considered in the text.
The two last columns give the corresponding values when further matter fields in the adjoint
representation of the SM gauge groups are added (see text for details).
|Y (QL)| dTC ∆N MGUT Btheory M
new
GUT B
new
theory
1/6 3 1 8.2 ×1012 0.68 2.2 ×1015 0.72
1/6 3 -1 6.0 ×1013 0.63 4.5 ×1016 0.67
1/6 6 2 8.2 ×1012 0.86 2.2 ×1015 0.94
1/6 6 -2 6.0 ×1014 0.80 1.8 ×1018 0.88
1/2 3 3 9.0 ×1010 0.63 3.4 ×1012 0.66
1/2 3 -3 8.2 ×1012 0.50 2.2 ×1015 0.50
1/2 6 6 3.9 ×109 0.73 4.9 ×1010 0.76
1/2 6 -6 8.2 ×1012 0.50 2.2 ×1015 0.50
In the SM without any BSM fields one obtains Btheory = 0.53 and hence very poor
unification. From Table 1 we immediately see that adding more matter with SM-like
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quantum numbers helps to achieve better unification although most of the cases are still
far from benchmark cases like the one provided by supersymmetry. Moreover, the value
of the unification scale, MGUT, is too small and endangers the proton stability. Hence it
seems that adding only SM-like matter is not the optimal route to unification here.
Since fermions are natural in our framework, one can entertain the thought of adding a
modest number of matter carrying quantum numbers different from the SM matter fields.
For example, we can adapt the idea pursued in [47], i.e. add one Weyl fermion in the adjoint
representation of SU(3) of QCD color and one Weyl fermion in the adjoint representation
of SUL(2). These particles carry zero hypercharge and hence do not affect the anomaly
cancellation considered in Sec. 2. Their contributions in (4.7) is a positive contribution
+2 and +4/3 to b3 and b2, respectively.
With the adjoint fermions on top of the already considered SM-like matter fields we
obtain MnewGUT and B
new
theory tabulated in the second-to-last and last column of Table 1,
respectively. The values in the first row correspond to the model studied in [47]. From the
tabulated values we observe that with the adjoint fermions the values of Btheory remain
close to the values obtained with only SM-like matter fields, but the value of MGUT is
enhanced and most of the scenarios are viable when contrasted with the requirement from
proton stability.
While we do not add much emphasis on the unification properties of these models,
it is instructive to see that one can construct extensions of the SM with simple matter
content which address several currently favored model building paradigms: First, the mod-
els which we have considered are natural in the sense that they contain only fermionic
matter and gauge fields. Second, the Technicolor sector or the new leptons, if introduced,
may provide suitable dark matter candidates carrying conserved quantum number. Third,
some tendency towards one-loop unification of the SM coupling constants can be obtained.
Our results seem to indicate that adding only SM-like matter fields on top of the underly-
ing Technicolor model is insufficient for unification and inclusion of further non-standard
matter fields is likely needed (like the possibility proposed in [47, 49]).
5. Conclusions and Outlook
A simplest extension of the SM is the appearance of a new matter generation. On the
other hand, if the electroweak symmetry is broken dynamically by new strong dynamics,
new SM-like matter fields can naturally emerge as a result of the saturation of gauge and
global anomalies. In this paper we have exhibited several concrete model frameworks where
non-sequential next generation arises, shown how the masses within the new generations
are constrained by existing data and discussed possible collider signatures and implications
on unification of the SM coupling constants.
In particular we have presented models where one or two lepton generations but no
new QCD quarks appear. As another simple alternative we studied the case where no
new leptons but instead a fourth QCD generation appears. We showed that both of these
cases are compatible with present constraints on oblique corrections and outlined their
consequences for collider experiments. In particular the case with one QCD generation is
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appealing due to its implications on flavor physics in connection with the observed CP-
B phenomena. The cases with new leptons on the other hand provide a possible simple
WIMP candidate as a heavy neutrino. Both cases lead to novel signatures at colliders. In
addition to these simple extensions we also briefly considered the cases where exotic doubly
charged leptons arise.
Considering the effects of the non-sequential matter generations on the SU(5)-type
unification of the SM coupling constants we found that all of the models we considered
led to too small unification scale hence endangering proton stability. This problem was
shown to be circumvented via inclusion of few matter fields transforming in the adjoint
representation of QCD color SU(3) and weak SUL(2) gauge groups.
Despite its simplicity, the existence of the next generation of SM-like (or more gen-
eral) fermionic matter has intriguing consequences if observed at the LHC. First and fore-
most, it would strengthen the role of naturality as a fundamental principle for Beyond
Standard Model physics. Consequently, it would hint towards dynamical origin of the
electroweak symmetry breaking. The latter becoming especially tempting expectation if a
non-sequential new matter generation was discovered as we have tried to emphasize in this
paper.
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